hypoglycaemia and cardiac failure have been evaluated and treated. Little can be done medically about hypoxia in the presence of a restricted pulmonary blood flow.
The magnitude of the pulmonary blood flow is a key factor in the anaesthetic management of children with congenital heart disease. When left-to-right shunt predominates, pulmonary blood flow is increased and there is pulmonary congestion.
\Vith predominant right-to-Ieft shunt, pulmonary blood flow is reduced and cyanosis is marked. These effects influence oxygenation, the induction and maintenance of anaesthesia, and the post-operative course.
l'HE~IEDIC: \TIO:\ FOH OPERATIO:\ The aim is a calm, drowsy child without undue cardio-respiratory depression. i\Jany combinations of drugs can secure adequate sedation, and the choice depends largely on personal experience. \Ve prefer either (1) J mg of pethidine plus 1 mg of promethazine per kilogram, or (~) 0·4 mg of papaveretum per kilogram, with or without hyoscine. Atropine is usually omitted from the premedication because it may predispose to arrhythmias and cause undesirable increases in heart rate and body temperature. It is not our practice to set up an intrayenous infusion before induction of anaesthesia so as not to disturb the child. I:\Dl:CTIOX OF AKAESTHESIA
(a) In/ants
Inhalation of equal parts of N 2 0 and O 2 with (). i)-I' 0 per cent of halothane is used for induction. \Yhen pulmonary blood flow is reduced, as in tt'tralogy of Fallot, inhalational induction is slow.
(b) Older Childrell
Older children receive a sleep-dose of thiopentone by slow intravenous injection. Thiopentone depresses myocardial contractility and decreases systemic yascular resistance. In the A Ilaesthesia and Intrnsive Care, Vol. T, ,\'0. G, X(J1'l'lIIiJcr, l!J7.'j presence of an intra-cardiac or great-vessel shunt this fall in resistance causes an increase in right-to-Ieft shunting, with marked increase in cyanosis and possibly even hypoxic cardiac arrest.
INTUBATION
Coughing and straining increase resistance to pulmonary flow, increase oxygen requirement, and prevent atraumatic intubation. Since deep anaesthesia is undesirable, a muscle relaxant is used for intubation in all cases. D-tubocurarine (0·5-1' 0 mg/kg) or pancuronium bromide (0'1-0·2 mg/kg) are given intravenously and the patient is ventilated by mask with oxygen before oral intubation.
MAINTENANCE OF ANAESTHESIA
Most anaesthetics have been used in cardiac surgery (Moffitt, Tarhan and Lundborg 1968) and again the choice rests largely on personal experience. The choice should satisfy certain principles:
(i) The inspired gases should contain at least 40 per cent oxygen. (ii) High airway pressure, hypoxia and acidosis must be avoided because they increase pulmonary vascular resistance (Harvey et al. 1967 ) and right-to-Ieft shunt. High airway pressure, especially in the presence of pulmonary stenosis, decreases left ventricular filling and may lead to circulatory collapse (Strong, Keats and Cooley 1966) . (iii) Non -explosive volatile anaesthetics decrease ventricular contractility, especially in high concentration. In general, we rely upon humidified nitrous oxide and oxygen, supplemented as necessary with non-depolarizing relaxant. During heartlung bypass, 0·5 per cent of halothane is vapourized into the oxygenator, but is stopped at least 10 minutes before the estimated end of perfusion. Even so, circulatory support (see later) may be necessary at the end of perfusion. The anaesthetic and perfusion technique for infants having cardiac surgery under profound hypothermia has been fully described elsewhere (Barratt-Boyes et al. 1972) . Atropine and neostigmine are routinely given at the end of operation to reverse any residual curarization.
PERFUSION
Before cannulation, 3 mg/kg of heparin is given and its effects reversed with 6 mg/kg of protamine sulphate at the end of perfusion.
The extracorporeal circuit is primed with an appropriate volume of the following mixture:
Freshly-drawn ACD blood.. 500 ml 0·43 per cent NaCl in 4·2 per cent glucose solution Heparin NaHCO a CaCl 2 (added last) 20 ml/kg 30mg 5mEq 5mEq
Pump flows of 2 '41/min/m2 at normothermia and 2·0 l/min/m2 at nasopharyngeal temperature below 32° C appear adequate for wholebody perfusion (Moffitt, Rosevear and McGoon 1970) .
MONITORING (a) Operations without Bypass
E.c.G., nasopharyngeal or rectal temperature and, in all but the smallest infants, blood pressure by arm cuff are monitored. Blood loss is estimated from suction losses and swab weighing.
(b) Open-heart Operations
Arterial pressure is measured through a radial or femoral canula, and at operation canulae are placed in right and left atria for post-operative management.
Zero reference is the fifth intercostal space at mid-chest. Samples of arterial blood are drawn repeatedly, during and after operation, for blood-gas, acidbase, haemoglobin and electrolyte estimations.
POST-OPERATIVE MANAGEMENT
The beneficial effects of cardiac operation often take some hours or even days to become fully evident. During this time a close and continuous watch must be kept in order to anticipate and avert, rather than treat, deterioration in function of the various organ systems.
(1) Cardiovascular System (a) Cardiac Output. Maintenance of an adequate cardiac output is the key to successful post-operative care. Output should, ideally, be measured directly and repeatedly. This is technically difficult in infants and most centres are still obliged to rely on indirect assessment of output.
A low cardiac output may be manifested by hypotension, oliguria, cutaneous vasoconstriction, metabolic acidosis with" air-hunger", and/or a rising serum potassium concentration. It may be due to residual haemodynamic abnormality, inadequate blood volume, Ventricular filling pressure, as retlected by mean atrial pressure, primarily determines cardiac output. A low atrial pressure suggests that a low output is at least partly due to a low blood volume, and that more blood is needed. A high atrial pressure with a low arterial pressure
The heart is paced if the rate falls below a level which maintains adequate output. Alternatively, isoprenalil1l' ma\' lw used but may cause arrhythmia,;.
Su pra n'n tricular taclry -arrh ythm ias usual! y requin' digitalis except when serious potassium clq,letion is present.
Ventricular arrhythmias can usually be suppressed by lign"ocaine or phenytoin: but ventricular tachycardia demands urgent DC countershock followed b\" intravenous infusion of lignocaine to pren'nt recurrence. 
O·OI-O·O:! mg/kg
Total digitalizing dose, divided into three dOSeS over 24 hours Daily maintenance, divided into two doses O\"er :!4 hours Drugs Inarked * arc given, suitably diluted, from a syringe dri"en by a constant-rate infusion pump.
points to poor ventricular function and suggesb the need for isoprenaline or adrenaline, digitalis or diuretic. Occasionally, when output remains low despite optimal atrial pressures and maximal cardiac stimulation, the reduction of peripheral vascular resistance by :x-blockade (phenoxybenzamine) may produce spectacular impw\'Cment. The optimal atrial pressure depends, to some extent, on the cardiac abnormalit\·. :\fter repair of tetralogy of Fallot or pulmonary stenosis, a high right atrial pressure is needed; by contrast, an infant with total anomalous pulmonary venous connection has a small left ventricle, and left atrial pressure must be kept low to avoid pulmonary oedema. In general, a right atrial pressure of 10-15 mm Hg and a left atrial pressure of 15-20 mm Hg ensure adequate ventricular filling. Potassium depletion is a common cause of serious arrll\"thmia. Cnfortunatelv, the serum potassium !c"el is not necessarily a true reflection of the intracellular concentration.
Intensive digitalis and diuretic therapy deplete the total body potassium without consistently producing a change in serum potassium. Post-operatively a low cardiac output, hypoxia and acidosis intensify the loss of potassium from cells, and t!le serum potassium concentration may actually nse.
The restoration of cellular potassium in this situation will dramatically abolish arrllYthmias and increase output. It" can be accomplished by means of intravenous infusion of insulin, glucose and potassium (l\1offitt et al. 1 H69).
(2) Acid-base Balance :\ietabolic acidosis is usually due to a low cardiac output, but itself depresses the myocardium. If severe, it merits direct attack bv intravenous sodium bicarbonate, calculated as 0'3xweight in kgxbase deficit. Half this amount is given rapidly and the base deficit measured 30 min later. Simultaneously, inotropic drugs are given-the acidotic heart often responds better to adrenaline than to isoprenaline infusion. If the measured base deficit continues to rise, more bicarbonate may need to be given. However, sodium bicarbonate may easily overload an infant with sodium and precipitate cardiac failure.
(3) Respiration
The child's circulation and ventilation at the end of operation determine the need for nasotracheal intubation.
Children whose cardiac disease gave rise to high pulmonary blood flow (e.g. total atrioventricular canal, transposition of the great arteries with V.S.D., truncus arteriosus, total anomalous pulmonary venous connection, V.S.D. with aortic coarctation) are more likely to need ventilatory assistance.
A child whose ventilation is clinically adequate and PaC0 2 not increased, but whose cardiac output and Pa0 2 are marginal or poor, is allowed to breathe spontaneously, through a nasotracheal tube, with continuous positive airway pressure (Gregory et al. 1971 ). If ventilation is not adequate, intermittent positive pressure ventilation is used. In each case inspired oxygen concentration is set to keep Pa0 2 between 80 and 100 mm Hg if possible. Adequate humidification is, of course, essential (Spence and Melville 1972, Fisk and Vcnwiller 1972) .
The tube is removed under steroid cover when an adequate circulation is established and when spontaneous breathing of less than 40 per cent O 2 will maintain a satisfactory Pa0 2 • Infants tolerate a nasotracheal tube well. Little sedation is needed, our preference being for papaveretum andjor diazepam. Restlessness is more often due to a low cardiac output or to hypoventilation than to the presence of the tube.
Endotracheal intubation and positive pressure breathing may injure the airway, increase the amount and viscosity of secretions, raise pulmonary arterial pressure and hamper venous return (l\Iellins et al. 1972 ). We do n;)t, therefore, routinely ventilate cllildren after cardiac operations.
(4) Kidneys
Oliguria «15 mljhrjm2) is due to a low cardiac output or to renal failure. The first of these is far the more common; its management has been described above. Frusemide is used when oliguria accompanies congestive cardiac failure, unless hypokalaemia is present. Mannitol is contraindicated in these circumstances; it is chiefly used when haemoglobinuria follows excessive haemolysis at bypass.
(5) TVater and Electrolytes
All fluids, including those used to flush pressure lines, are included in the half-hourly intake measurement, and are given through a paediatric drip-set.
Water, as 5 per cent glucose, is restricted to 1 mljkgjhr in the first 24 hours after bypass. Thereafter 2 mljkgjhr are given, with added sodium 1 mEqjkgjday (Moffitt, Rosevear and }IcGoon 1970). Potassium supplements (1-2 mEqjkgjday) are added when urine output is adequate and if the serum potassium falls below 4 mEqjl. The child is allowed to drink as soon as possible, usually within 24 hours of operation.
Serum potassium is measured every two hours for 24 hours, or for longer if the circulation is unstable, then daily or as indicated.
Blood glucose and calcium are measured immediately after operation. Deficits are repaired with 20 per cent glucose and 10 per cent CaCl 2 respectively.
Electrolytes, urea and glucose are measured daily or as indicated.
(6) Blood Replacement
In closed-heart surgery blood loss is estimated by weighing swabs, and losses in excess of 5 per cent of the estimated blood volume are replaced with whole blood. In open-heart surgery blood is replaced at the end of perfusion according to atrial and arterial pressures. Post-operatively, blood loss from chest tubes and laboratory samples is recorded half-hourly, and is replaced millilitre for millilitre. Additional blood may be necessary for adequate circulatory filling, to compensate for vasodilation and fluid shift. Blood transfused therefore usually exceeds measured losses.
The transfusion fluid is chosen according to the measured haemoglobin concentration and the haematocrit. If the haemoglobin concentration is normal, freshly-drawn ACD blood is used to replace losses. If the haemoglobin is high (above 15 gjl00 ml), as it often is in cyanotic children, reconstituted freeze-dried plasma is given. If the haemoglobin is low (below 10 gjl00 ml) packed cells are used.
The peri-operative care of children with congenital heart disease presents a considerable challenge to surgeon, anaesthetist and cardi-ologist. The anaesthetist must be familiar not only with the problems of paediatric anaesthesia and post-operative care, but also with the surgical technique and the pathophysiology of the cardiac lesion (l\Ioffitt, l\lcGoon and Ritter ] 970). Present trends suggest that complete repair of congenital cardiac defects will be electively performed in infancy. The management of these (often critically ill) infants, allows no margin for error if acceptable results are to be achieved.
